Abstract Queens of the honey bee, Apis mellifera (L.), exhibit extreme polyandry, mating with up to 45 different males (drones). This increases the genetic diversity of their colonies, and consequently their fitness. After copulation, drones leave a mating sign in the genital opening of the queen which has been shown to promote additional mating of the queen. On one hand, this signing behavior is beneficial for the drone because it increases the genetic diversity of the resulting colony that is to perpetuate his genes. On the other hand, it decreases the proportion of the drone's personal offspring among colony members which is reducing drone fitness. We analyze the adaptiveness and evolutionary stability of this drone's behavior with a game-theoretical model. We find that theoretically both the strategy of leaving a mating sign and the strategy of not leaving a mating sign can be evolutionary stable, depending on natural parameters. However, the signing strategy is not favored for most scenarios, including the cases that are biologically plausible in reference to empirical data. We conclude that leaving a sign is not in the interest of the drone unless it serves biological functions other than increasing subsequent queen mating chances. Nevertheless, our analysis can also explain the prevalence of such a behavior of honey bee drones by a very low evolutionary pressure for an invasion of the nonsigning strategy.
Introduction
The mating patterns of animals are highly variable, and in many species one or both sexes mate with multiple partners. Polyandry, males mating with only one female but females mating with several males, is relatively rare among insects. However, some social insects, such as leaf cutter ants, army ants, and harvester ants form notable exceptions (Boomsma et al. 1999; Wiernasz et al. 2004; Kronauer et al. 2007 ). Honey bees provide probably the most striking case because queens of several species in the genus Apis can mate with over 40 different males (drones) during a very short time at the beginning of their lives (Estoup et al. 1994; Wattanachaiyingcharoen et al. 2003) . Honey bee queens and drones mature for about 1-2 weeks in their parental colony before they leave for mating flights (Woyke 1964; Rueppell et al. 2006 ). On these mating flights, both sexes fly to mating arenas, called drone congregation areas (DCAs), where mate location and mating takes place (Loper et al. 1992) . Although the mating behavior is therefore difficult to observe, tetheredqueen studies have shown that the queens are usually located by vision and scent by drones, pursued by several drones, and mated consecutively by one of them in flight (Koeniger et al. 1979 ). Drones and queens in any given DCA are usually unrelated because individuals from numerous (more than 200) colonies are represented and mating occurs randomly (Baudry et al. 1998) .
During copulation, the drone inserts his endophallus and transfers sperm into the oviduct. In the process, the male copulatory organs sever from the drone to be left in the genital opening of the queen as a so-called mating sign, while the drone dies shortly after copulation (Woyke and Ruttner 1958) . The sperm persists in the oviduct and migrates later to the spermatheca for long-term storage. The mating sign blocks the genital opening, and thus needs to be removed by the next drone during mating. However, it has empirically been demonstrated that the mating sign increases the number of subsequent matings: in a choice test, drones mated more readily with queens with a mating sign than unsigned ones by a factor of 1.7 (Koeniger 1990) . The mating sign serves as a visual (and perhaps also olfactory) cue that may distinguish the queen from drones in the mating congregation and thus facilitate the localization of the queen by drones. In contrast, unsigned queens are less distinct from scrambling drones, and thus less attractive (Koeniger 1990) which presumably results in a slower mating pattern under natural circumstances. The queen mating time is under selection (Koeniger and Koeniger 2007) and may be limited by energetic constraints (Hayworth et al. 2009 ), forcing queens to return to their hives.
